We have examined the ROSAT PSPC X-ray properties of a sample of 15 Abell clusters containing 23 narrow-angle tailed (NAT) radio galaxies. We find that clusters with NATs show a significantly higher level of substructure than a similar sample of radio-quiet clusters, indicating that NAT radio sources are preferentially located in dynamically complex systems. Also, the velocity distribution of the NAT galaxies is similar to that of other cluster members; these velocities are inadequate for producing the ram pressure necessary to bend the radio jets. We therefore propose a new model for NAT formation, in which NATs are associated with dynamically complex clusters undergoing merger events. The U-shaped NAT morphology is produced in part by the merger-induced bulk motion of the ICM bending the jets.
INTRODUCTION
The interaction between extragalactic radio sources and the rich cluster environment in which they are often found is not well understood. Radio galaxies in the same or similar types of clusters are often found to have widely varying radio morphologies. One possible explanation for the variety of radio structures and characteristics is the "weather" within the intracluster medium (ICM). As the radio jets propagate through the hot gas, variations in the ICM density and velocity may account for the complex radio structures that are observed (Burns 1996) . The interactions between radio sources and the ICM are discussed in the Burns et al. (1994a) study of radio galaxies in Abell clusters using Einstein IPC data. They found that 75 per cent of all radio galaxies >2 arcmin in diameter have X-ray substructure within 5 arcmin of the host galaxy position, presumably due to overdense regions in the ICM. Additionally, radio galaxies tend to be more concentrated toward the centres of rich clusters, where the ICM is the densest, in comparison with the optical distribution of cluster galaxies .
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Two specific examples of the interaction between radio sources and the ICM are wide-angle tailed (WAT) and steep spectrum radio sources. WATs are radio sources located predominantly at the centre of rich clusters in D or cD galaxies, which appear to be bent by ≈ 1000 km s −1 bulk motions of the ICM resulting from cluster-subcluster mergers Roettiger, Burns & Loken 1996) . Steep spectrum sources are amorphous objects found in the centre of cooling flow clusters (Burns 1990 ). The cooling flow disrupts the jets Burns et al. 1997) , and the thermal pressure reduces the adiabatic expansion of the radio plasma. The steep spectrum is thereby produced from loss of the plasma's high energy electrons through inverse Compton and synchrotron processes (Slee & Reynolds 1984) .
Perhaps the most striking example of the interaction between the ICM and radio sources are the head-tail, or narrow-angle tailed (NAT) radio sources (O'Dea & Owen 1985) . These sources have radio jets that are bent at extreme angles-up to 90
• from their original orientation. The standard explanation for this radio morphology is that the jets are curved by ram pressure from the high velocity host galaxy moving through the dense ICM. This jet bending can place important constraints on both the jet dynamics and the ICM (Burns & Owen 1980) . Jones & Owen (1979, JO) and Begelman, Rees & Blandford (1979, BRB) used detailed maps of the prototypical NAT galaxy NGC 1265 c 1998 RAS to test models for ram pressure-induced jet bending. Numerical simulations tested the validity of these models (Balsara & Norman 1992) , showing that both the JO and BRB models produce the observed NAT morphology and properties (Balsara, priv. comm.) . An intriguing characteristic of narrow-angle tailed radio sources is that they have also been observed in poor clusters of galaxies (Doe et al. 1995) . Such environments often have central ICM densities an order of magnitude lower than in rich clusters. Lower ICM densities require either lower radio pressures or substantially higher galaxy velocities in order to produce the ram pressure capable of bending the jets (Venkatesan et al. 1994) .
A number of studies examined the relationship between NAT radio sources and the cluster environments in which they reside. Feretti, Perola & Fanti (1992) determined that NAT radio galaxies in a sample of Abell clusters appeared to be underpressured with respect to the surrounding ICM. More recently, Edge & Röttgering (1995, ER) examined the coincidence of excess X-ray emission and tailed radio sources in clusters. This research was motivated in part by the Burns et al. (1994a) result described above. Using higher resolution ROSAT PSPC images, ER detected compact, apparently unresolved, X-ray emission associated with NATs and concluded that this emission was caused by an AGN. However, they did not examine the relationship between the NATs and the larger-scale ICM. Specifically, does the local ICM play a role in shaping NAT galaxies, similar to the current model for WATs?
Two recent events have made this an excellent time to examine this hypothesis. First, all ROSAT PSPC data are now available in the public archives, and second, the completion of the 20 cm VLA Abell cluster survey (see Ledlow & Owen 1996 , and references therein) has produced a large sample of NAT galaxies in rich clusters. Together, these databases allow us to study the interaction of NAT galaxies with the rich Abell cluster environment for a representative sample of clusters.
The paper is organized as follows: In §2 we describe the samples of NAT and radio-quiet clusters used in this paper. In §3 we discuss the data analysis, including the X-ray substructure, velocity, and alignment tests. §4 contains our discussion of the results in the context of a new model for the formation of NAT radio sources. In §5 we list our conclusions. Throughout this paper, we assume H• = 75 km s −1 Mpc −1 and q• = 0.5.
THE SAMPLES
Two samples were utilized in this analysis: a radio-loud sample of clusters containing NATs, and a radio-quiet sample of clusters containing no detected radio sources. To define our first sample, we began with the complete, 20 cm survey of radio galaxies in Abell clusters . This sample consists of all radio sources in Abell clusters of z < 0.09 with 1.4 GHz flux density (S1.4GHz) > 10 mJy and within 0.3 Abell cluster radii (Ac) or ≈ 660 kpc. Using the high resolution radio maps from , we examined the morphology of the radio galaxies. All radio sources showing head-tail or tadpole morphology, or resolved jets curved backward into a U-shape were classified as NATs. Questionable identifications were removed from the sample yielding a total of 54 NATs in Abell clusters. Since the goal of this study was to examine the interaction between narrow-angle tailed radio galaxies and the ICM, we cross referenced our NAT sample with the ROSAT PSPC archive. We retained only clusters with X-ray images that have signal-to-noise (S/N) > 20 within a 0.5 Mpc radius aperture (see §3.1 for further details on S/N), and were within the inner support ring of the PSPC. This final cut reduced the sample to 23 NAT galaxies in 15 host Abell clusters. Although the sample is no longer complete because of the requirement for pointed PSPC observations, we feel the resultant sample is representative of NAT galaxies in rich clusters. The final sample is summarized in Table 1 and X-ray/radio overlays are shown in Fig. 1 .
The radio-quiet sample was also constructed from the PSPC archives. This sample includes all clusters from the VLA Abell cluster survey having no known radio sources with S1.4GHz > 10 mJy, and with redshift less than 0.09. We then chose clusters from the PSPC archives using the same criteria as the NAT clusters. We also added one cluster (A2244) at z=0.0968 to increase the sample size to 13 radioquiet clusters, which are summarized in Table 2 . We chose a radio-quiet control sample (as opposed to a sample having any radio sources that were not NATs) for several reasons. Firstly, morphological classification of radio sources can be difficult and highly subjective, and although this must be done for the NAT sample, we wanted to lessen this effect as much as possible. Secondly, for the X-ray analysis, there was no longer a need to remove the contaminating X-rays from the AGN at the centres of the radio sources for our control sample. Thirdly, small, tailed radio sources may be misclassified as compact sources due to resolution limits. Lastly, the NAT morphology is only seen in low power radio sources, where the radio jets are less "stiff" and therefore more susceptible to ram pressure induced jet bending. However, higher power radio sources with stiffer jets may not display the morphological effects of ram pressure, even if it is present. In Table 3 we show a comparison of the cluster properties for the two samples. A few illustrative examples of these radio-quiet clusters are shown in Fig. 2 .
In order to quantify the similarity between the two samples, we performed statistical tests on the mean and variance of the distributions of redshift, Rood-Sastry type , richness, and X-ray luminosity. First, we used the Student's T-statistic (Havlicek & Crain 1988) to compare the mean of each distribution. This statistic tests the validity of the null hypothesis that the two distributions have the same mean. Values of significance <5 per cent require one to reject the null hypothesis. The significance levels for this test are shown in Table 3 ; note all significance levels are above 5 per cent. We used the F-test (Havlicek & Crain 1988) to determine if the distributions have significantly different variances in the cluster parameters. Similar to the Student's T-statistic, the F-test examines the null hypothesis that the two samples have the same variance. The significance values for this test (Table 3 ) again show that for most cluster properties, the null hypothesis cannot be rejected. The one exception is in X-ray luminosity where the variances of the two samples are similar at only the 3 per cent level. However, since the mean luminosities are not significantly different and all other cluster proper- ties are similar, we feel that these samples are adequate for comparison.
DATA ANALYSIS
The X-ray analysis used the PSPC hard-band (0.4-2.4 keV) count maps and exposure maps from the ROSAT archive at the Goddard Space Flight Center. Average background values for the sample were determined within the inner support ring of the PSPC and subtracted from the count maps. The only exceptions were A754, A1367, and A1656, where the cluster emission itself completely filled the inner ring region. The count maps were divided by the exposure maps to produce surface brightness images in units of counts s −1 pixel −1 , where each pixel is 15 × 15 arcsec 2 . All X-ray data were smoothed with a 45 arcsec FWHM (32.6 kpc for z=0.04) Gaussian filter. The AIPS software package was used for aligning and resizing the images as well as producing over- a The variances of redshift and richness seem extremely high due to the effects of having flat distributions (i.e. large σ), and that the means are significantly different from unity. This causes the variances (σ 2 ) to appear very large or very small. lays of the radio/X-ray images. In Fig. 1 , we show radio greyscales overlaid on to X-ray surface brightness contours for the NAT sample. Comments on individual clusters and NATs are given in the Appendix ( §6). The luminosity for each cluster was determined by extracting a circular region of diameter 0.5 Mpc, centred on the peak of the X-ray emission. The extracted region was modeled with the best-fitting Raymond & Smith thermal plasma model (Raymond & Smith 1977) , with 30 per cent solar metal abundance, using the XSPEC X-ray spectral fitting software. This model was then used to compute the 0.4-2.4 keV X-ray luminosity for each cluster.
Substructure
For a fully virialized cluster gravitational potential, one would expect to observe a smoothly varying X-ray surface brightness profile. However, this is not what we see in many of the NAT clusters ( (Fig. 1h ) exhibit clumpy, elongated, and highly non-circular X-ray structures. The X-ray peak of Abell 754 (Fig. 1g ) is markedly offset from the centre of the X-ray emission. These clear examples of cluster substructure manifest themselves in significant radial variations of the centroid (R•) of the X-ray image. Mohr, Fabricant & Geller (1993) have argued that a centroid shift in the X-ray surface brightness profile of a cluster is a robust measure of substructure. Since the X-ray surface brightness distribution of a cluster is a direct measure of the ICM density distribution, a centroid shift in X-ray emission indicates a non-smooth density distribution, which in turn indicates an dynamically complex cluster. This direct link between centroid shift and a cluster's dynamical state makes this test a strong measure of cluster substructure.
In an effort to quantify cluster substructure, elliptical isophotes were fit to the X-ray maps using the IRAF STS-DAS task ELLIPSE, based on the algorithm by Jedrzejewski (1987) . The initial centroid was set to the X-ray peak of the cluster emission, and all contaminating point sources were masked out. The ELLIPSE task performs an iterative fit to the emission weighted centroid of the X-ray distribution as a function of semimajor axis, a. To increase the signal-tonoise, we used smoothed images for the isophotal fits. We therefore kept the step in semimajor axis, a, to be at least 1.5 pixels (2a = 45 arcsec) in order to avoid correlated errors in adjacent radial bins.
The ELLIPSE task produces a radial profile of x and y (RA & Dec.) centroid coordinates. These two components were converted into a radial vector, R•, at each bin. For each cluster, the radial profiles were further divided into two portions-one region from the cluster centre to a semimajor axis of 150 kpc, and a second region from 150 to 300 kpc. The values of R• were averaged for the two regions, and these two average values were differenced to obtain ∆R•. To illustrate this process we show the radial variation of R• for clusters with large (A754) and small (A1837) centroid shifts in Fig. 3 .
Histograms showing the distributions of ∆R• for both the NAT and radio-quiet cluster samples are shown in Fig.  4 . Examination of the figures show that NAT clusters ex- hibit preferentially larger values of ∆R• than the radio-quiet clusters. To determine the statistical significance of this difference, the student's T-test was performed. The means of the ∆R• distributions revealed the samples to be similar at a 0.3 per cent level of significance, indicating that the two distributions have significantly different means. A similar result is obtained when using the Kolmogrov-Smirnov (KS) test (1.7 per cent significance level), which is sensitive to the shapes of the distributions.
While performing this analysis, we were concerned about the use of the ELLIPSE routine in IRAF to determine the centroid shift. Are the solutions generated by EL-LIPSE stable, and how large are the errors associated with this task? Do the errors depend on the signal-to-noise of the data? We have attempted to answer these questions by generating errors for the centroid shifts using a bootstrap resampling algorithm. First, we generated 1000 realizations of every cluster count map by reassigning values to each pixel based on the Poisson probability distribution, with the original pixel value as the mean of that distribution. Therefore, each resampled pixel could have a large range of possible values, but was most likely to have the value of the original data. We then ran the identical ELLIPSE task on all 1000 realizations, giving us a range of centroid shifts. From this distribution of ∆R•, we used the best-fitting Gaussian function to determine the mean and standard deviation of the centroid shift for each cluster, which are shown in Table 4. As expected, the largest standard deviations occur in clusters with the lowest S/N. The smallest generally occur in clusters possessing strong cooling flows, where the S/N is high, and the core substructure low.
To quantify whether the two distributions were significantly different given the bootstrap errors, we calculated the means of the ∆R• values for each sample, weighting the means by their standard deviations. We also computed the errors on the means from the individual errors on ∆R•. The means of the two distributions, shown at the bottom of Table 4, differ by 3.6σ, yielding a probability of >99.9 per cent that the two distributions have different means. Therefore, we again conclude that clusters containing NATs show a higher degree of substructure than similar radio-quiet clusters.
Velocities
The X-ray substructure result above implies that these clusters are in an interesting, non-relaxed state. To pursue this further, we examined the dynamics of the NATs with respect to the rest of the cluster galaxies. Radio sources in general tend to have low peculiar velocities compared to other cluster members (Owen, Ledlow & Keel 1995) , yet in the standard model for narrow-angle tailed radio source formation, NATs should be associated with high velocity galaxies. Large peculiar motions of NAT galaxies are required to produce the ram pressure necessary to bend the radio tails into the observed U shapes.
For this velocity analysis, we returned to the complete sample of 54 NATs. In order to compare galaxies in different clusters, all galaxy velocities were normalized to their cluster's velocity dispersion, by using the parameter U = (v• − vc)/σ, where v• is the galaxy velocity, vc is the mean cluster velocity, and σ is the cluster velocity dispersion . The NATs in the sample were compared to radio-quiet cluster galaxies as well as other radio sources. The general radio source sample consisted of all radio galaxies, excluding NATs, in the sample for which there were velocity data available . Since the NATs were removed from this sample, most of these radio sources were morphologically linear, and not sharply bent. These sources are expected to have velocities significantly lower than NAT galaxies, if the standard model for NAT formation is correct. Since σ must be used in this analysis, only NATs in clusters with published velocity dispersions were included, reducing the sample size to 31. To simulate typical cluster galaxies, we generated a Gaussian distribution of velocities using Monte Carlo sampling. The simulated distribution was compared with the NAT sample, as well as the other radio sources, to check the similarity of the distributions. A histogram comparing the three distributions is shown in Fig. 5 .
Using the student's T-test, we find the mean of the NAT galaxy distribution is statistically similar to both the simulated cluster galaxies and the other radio sources. This result is contrary to the standard model of NAT formation, which requires the host galaxy to have a large peculiar motion (∼ 1000 km s −1 ) in order to produce the ram pressure necessary to bend the radio jets. One would therefore expect a much broader distribution in U (typical U ≈ 1.0) for NAT galaxies compared to other radio sources. The observed distribution of NAT velocities is clearly incapable of producing the needed ram pressure for jet bending.
There is a potential projection effect which could skew the above analysis. In order to classify radio galaxies as NATs, the tails must be projected away from the observer's line of sight. Any NAT with its radio tail parallel to the line-of-sight will not be classified as a NAT. If the direction of NAT tails is due primarily to the motion of the host galaxy, then the NATs with the highest line-of-sight velocities will not be included in this analysis. Therefore, the observed NAT distribution may be peaked toward low velocities by excluding objects with high line-of-sight velocities. We attempted to determine the magnitude of this effect by calculating the change in an expected distribution of NAT velocities once galaxies moving parallel to the line-of-sight are removed. For our idealized distribution of NATs, we produced a Gaussian 3D velocity distribution centred at 1000 km s −1 larger than a cluster's central velocity. This is chosen since velocities on the order of 1000 km s −1 are considered necessary for jet bending (O'Dea 1985; Eilek et al. 1984) . The Gaussian distribution had a σ = 400 km s −1 , in order to leave only 10 per cent of the total number of NATs with velocities less than 500 km s −1 . We then gave the NATs random projection angles distributed uniformly about the sky, and calculated the NATs' line-of-sight velocity distribution from their 3D velocities and their projection angles.
To simulate the effects of not detecting NATs with their radio tails pointing toward the observer, we removed all galaxies with 1-D velocities < 45
• from the line-of-sight. This distribution was converted to U as described above, and compared to the observed NAT velocity distribution (Fig. 6) . Using the student's T-test, we find that the observed NAT distribution and the simulated NAT distribution have significantly different means. Clearly, projection effects cannot account for the observed NAT distribution. Therefore, our conclusion stands that NATs have velocities incapable of bending their radio jets via ram pressure. Mean: 11 σmean: 0.6 σmean: 1.0 Figure 4 . The velocity distributions for the sample of NATs, all other radio sources, and a simulated Gaussian galaxy cluster velocity distribution.
Radio tail orientation
In an effort to understand the orbits of NAT galaxies, O'Dea, Sarazin, & Owen (1987) examined the directions of NAT tails with respect to the Abell cluster centres. Assuming the NAT tails are indicators of the direction of motion of the host galaxies, the resulting random orientation led them to suggest that the overall distribution of NATs is consistent with isotropic galaxy orbits. However, only considering NATs located within 0.5 Mpc, the galaxies exhibited a trend towards radial orbits.
We performed the same analysis as O'Dea et al. (1987) for our NAT sample with a slight modification. This modification was motivated by the fact that a number of the NAT sources possess bent or curved tails, leading to ambiguity in determining a single position angle (e.g. NATs in Abell 514 and Abell 2255). We therefore defined two radio position angles: θI-the angle formed by a line from the head of the radio emission to the point at which the tail bends, and θF-the angle formed by a line from the point at which the tail bends to the 3σ end of the radio tail. For the NAT sources which did not show significant bending, the overall tail direction was used for both θI and θF.
θI and θF were subtracted from the position angle of the radial vector drawn from the NAT to the Abell cluster centre, yielding ∆θI and ∆θF. The relatively flat distribution in ∆θ appears consistent with random tail orientations (Fig.  7) . To test the statistical significance of this hypothesis, we compared the two samples with a theoretical, random distribution using the KS test. For ∆θI, the datasets are drawn from the same distribution at the 91.4 per cent confidence level. For ∆θF, the datasets are drawn from the same distribution at the 59.9 per cent confidence level. We therefore see no indication that this NAT sample deviates from a random orientation relative to the optical Abell cluster centre.
Using the same initial and final position angles as above, we compared the tail orientations to a line between the NAT Figure 6 . The angle between the NAT tails and the line connecting the NAT to the Abell cluster centre for both the (a) initial tail direction and the (b) final tail direction. Both distributions are consistent with an isotropic distribution of NAT tails. and the peak of the cluster X-ray emission. This was done under the assumption that the X-ray peak may give a better indication of the centre of the cluster potential well. The ∆θI and ∆θF distributions for this analysis are shown in Fig. 8 . The KS test was applied yielding significance levels of 74 per cent for ∆θI and 84 per cent for ∆θF with respect to a random distribution. Again, the directions of the NAT tails are consistent with random orientations in clusters.
Radio tails and X-ray substructure
Although we found no correlation between the radio tails and the X-ray/optical cluster centres, there is a potential alignment between the radio tails and X-ray cluster elongations (see e.g. A119, A1656, and A2142 in Fig. 1 ). To quantify this potential result, we examined the orientations of the radio tails with respect to the regions of X-ray excess or elongation. We defined two X-ray position angles: θ localthe position angle of an X-ray enhancement located within 1 arcmin of a NAT radio source, and θ global -the position angle of the entire X-ray emitting cluster.
To measure these position angles we needed to determine regions of significant excess throughout the entire cluster. Due to the rapid fall-off of surface brightness with distance from the cluster centre, the isophotal variation analysis described in §3.1 is only sensitive in the inner ∼8 arcmin (450 kpc for z=0.05) of the clusters. Therefore, in order to probe excess emission in the outer regions of the cluster, as well as global cluster elongations, we used an alternative probe for substructure detailed in Gómez et al. (1997) . We fit circular models to the cluster emission and subtracted them from the parent map. We specifically chose circular models to increase our sensitivity to elongation in the overall cluster emission. The residual maps were examined for regions of excess within 1 arcmin of a NAT radio position, and these excess regions were tested for significance using Poisson statistics. For each region of interest, the number of counts in the cluster image was compared to a similar region in the model image. The summed probability of obtaining the number of observed counts above the model value was calculated, and any region of 99 per cent significance or higher was considered to be substructure. The regions of excess were used to calculate the position angle of the local substructure, θ local . The global position angle was determined at the radius where the X-ray emission fell to approximately 5σ above the background.
We examined the correlation between each of the four possible radio-X-ray position angles by measuring the difference between the NAT and cluster orientations. These distributions (shown in Fig. 9 ) were compared with a theoretical, random distribution similar to the analysis described in §3.4. None of the distributions deviated significantly from a random distribution.
Compact X-ray emission near NATs
ER examined compact X-ray emission coincident with narrow-angle tailed radio sources. They found all such emission to be unresolved and found a correlation between the X-ray flux and the core radio flux density. This led them to conclude that the X-ray emission associated with NATs is most likely due to the AGN at the centres of the galaxies. We performed a similar analysis for our slightly different sample of NAT galaxies. To best probe the X-ray emission associated with the NATs, we subtracted an elliptical model of the overall cluster emission from each image using the method described in §3.1. The residual maps were examined for remaining compact X-ray emission near the NAT radio sources. X-ray detections with centroid positions located more than 1.5 arcmin from the published centres of the radio sources were discarded. This left 40 per cent ( 10 25 ) of the NATs with coincident, compact X-ray emission. Radial profiles were extracted from these regions in order to determine their extents. Since the PSPC point spread function (PSF) is highly energy dependent, the spectral information for these sources was needed. Thus we extracted X-ray spectra for the regions using the PROS task QPSPEC and calculated the energy dependent PSF using the FTOOLS task PCRPSF. The model of the PSF was compared to the extracted radial profiles of the compact emission using the χ 2 statistic. In agreement with the ER result, none of the detected sources appear to be significantly resolved.
Only one NAT in our sample (3C264 in Abell 1367) had sufficient counts to perform an adequate spectral fit to the Xray emission. The spectral distribution was rebinned, so that all spectral channels had at least 25 counts (S/N ∼ 5). Using the XSPEC software package, we fit the spectrum separately Figure 8 . The difference between the various radio and X-ray position angles, as described in the paper, folded into 90 • .
with a power-law and a Raymond & Smith thermal model, to attempt to determine whether the X-ray emission was due to an AGN or the galaxy ISM. Similar to the ER result, the spectral fits were inconclusive, giving equally good statistics for both models. Using ASCA, Forman (priv. comm.) also found 3C264 to be well fit with either a 3 keV thermal model (the same temperature as the surrounding emission) or a power-law.
The correlation between the core radio and the X-ray flux density noted by ER, led them to suggest another constraint on unification schemes between FR I radio sources and BL Lac objects. We performed a similar analysis for our sample, computing the X-ray and radio fluxes. The Xray emission was modeled as an absorbed power-law with energy index 2.4 as done by ER. The X-ray fluxes for all sources, including upper limits on non-detections, are given in Table 5 . The luminosities are also listed in Table 5 as well as limits on the linear diameter of unresolved sources based on the approximate spatial resolution of the PSPC. Also included in the table are the 1.4 GHz core radio power for the NATs. Whenever possible, the radio powers were taken from O' Dea & Owen (1985) . If the radio powers were not available we measured them from the maps of the VLA Abell cluster survey using AIPS. The X-ray luminosities and the core radio powers for all 23 NATs are plotted in Fig. 10 .
Since more than half the NATs (57 per cent) only have upper limits on the X-ray flux, we used the survival analysis routines available in the ASURV software package Rev 1.1 (La Valley, Isobe, & Feigelson 1992) , which implements the methods presented in Isobe, Feigelson, & Nelson (1986) , to search for a correlation between core radio power and Xray luminosity. Using the generalized Kendall's τ correlation test, we find the probability for no correlation is 5.4 per cent, so although the data are suggestive of a correlation, we cannot reject the null hypothesis. With the current data, it is impossible to determine the origin of the X-ray emission from NATs.
If the X-ray emission does not arise from an AGN, then what is its origin? One possibility is the galaxy ISM. The JO model of NATs proposes that there is an inner ISM with radius 4-50 kpc, not stripped by ram pressure. This gas is expected to have T ∼ 1 keV (reflective of the stellar velocity dispersion) and X-ray emission comparable to that observed in other ellipticals. Simulations of an elliptical galaxy moving through the ICM (Balsara, Livio, & O'Dea 1994) show that the outer galaxy ISM is strongly affected by ram pressure stripping, producing shocks which propagate into the galaxy core and which may also heat the ISM. The current limit on the sizes of the compact X-ray emission regions and the observed X-ray luminosities (see Table 5 ) are consistent Figure 7 . The angle between the NAT tails and the line connecting the NAT to the cluster X-ray peak for both the (a) initial tail direction and the (b) final tail direction. Both distributions are consistent with an isotropic distribution of NAT tails.
with this model and with observations of other ellipticals (Fabbiano 1989) . Higher resolution HRI X-ray observations of three NATs are currently underway which should help us to discriminate between AGN and ISM models.
NAT FORMATION THROUGH CLUSTER-SUBCLUSTER MERGERS
The current paradigm for NAT formation fails to account for the new observed properties of NAT galaxies in rich clusters presented in this paper. The canonical view of NAT radio sources assumes the host galaxies are moving at transonic velocities (i.e. 1-2 times the velocity dispersion) through the dense ICM of spherical, relaxed clusters. In this picture the galaxy velocity and ICM density provide the ram pressure necessary to bend the radio jets. However, this model does not account for the fact that NATs are preferentially found in dynamically complex, possibly evolving clusters with significant X-ray substructure. Additionally, if the NAT tails are bent from ram pressure by high velocity galaxies, then these radio sources should show high peculiar motions. However, NATs tend to have, on average, velocities similar to a typical cluster galaxy. We therefore propose a new model for NAT formation, in which NATs are associated with dynamically complex clusters undergoing merger events. Using an N-body + Hydro code, detailed simulations of merging clusters have been performed (Roettiger, Burns & Loken 1993 Schindler & Müller 1993) . One signature of merging is bulk flows in the cluster gas with velocities > 1000 km s −1 aligned with the X-ray elongation. The resulting ram pressure of these ICM bulk flows is sufficient to sweep back the radio jets (e.g. Loken et al. 1995) . This ram pressure from the cluster gas would explain why these radio sources, which tend to have typical cluster velocities, exhibit the NAT radio morphology. This is similar to our model for the formation of wide-angle tailed radio sources (Gomez et al. 1997) , which also possess bent tails due to the motion of the ICM. However, since NAT radio sources tend to have lower radio powers (and possibly lower jet momentum fluxes) than their WAT counterparts (O'Donoghue, Eilek & Owen 1993) , this may explain why NAT jets are bent to larger angles.
The ICM bulk motion may explain several other NAT observations as well. Numerical simulations of an elliptical galaxy moving supersonically through the ICM (Balsara et al. 1994) show compression of the ISM, with shock formation inside the galaxy, near the core. Since free-free emission is proportional to the square of the gas density, a small change in density produces a larger change in the luminosity. This may cause the gas in some NAT galaxies to become detectable in the X-ray, and may explain the high fraction of NAT galaxies (40 per cent) with unresolved X-ray emission. Additionally, the luminosities and sizes of the of the observed X-ray emission from NATs (Table 5) is consistent with this model.
A second result of the Balsara, Livio, & O'Dea simulation is the periodic inflow of gas from the downstream side of the galaxy into the galaxy core (inner ∼ 1 kpc), similar to the accretion of stellar winds on to compact objects (Ishii et al. 1993; Ruffert & Arnett 1994) . Although the resolution of the simulation is not high enough to determine the fate of the gas at the core, some fraction of it could fall on to the accretion disc. This process could in turn feed the central engine and increase the radio luminosity. These mechanisms for enhanced radio and X-ray emission from NATs are an alternative explanation for the correlation between core radio power and X-ray luminosity discussed in §3.5.
Another common feature of NAT galaxies is the exceedingly long (up to 1 Mpc) radio tails (e.g. IC 711 in A1314, Vallée & Wilson 1976) . It is difficult to understand how the relativistic particles can travel and then radiate at these distances from the cores (Ekers et al. 1978; Wilson & Vallée 1977; Simon 1979; Vallée & Roger 1987) . Clearly, there must be a substantial particle reacceleration mechanism. But where does the energy come from to power the in-situ particle acceleration? The kinetic energy of the ICM from cluster-subcluster mergers could provide the energy input necessary for this reacceleration.
This new model for NAT formation is able to produce the morphology of these unique radio sources. In addition, it is able to account for the X-ray substructure and velocity results presented in this paper, and may explain the other NAT characteristics described above. Therefore, we conclude that this new process for NAT formation provides important insight into the cluster environment in which NATs reside. Since NATs are preferentially formed in merging clus- Figure 9 . X-ray luminosity vs. 1.4GHz core radio power for NATs. The two parameters are not significantly correlated.
ters, these radio sources can now be used as an additional diagnostic for the dynamical state of clusters. The presence of a NAT located in the inner 0.3 Ac of a cluster may indicate a recent or ongoing merger event.
CONCLUSIONS
We have examined the X-ray and optical properties of nearby, rich clusters of galaxies containing narrow-angle tailed radio sources. This analysis has led us to some surprising conclusions. First, clusters containing NATs show a much higher degree of substructure in their X-ray emission than their radio-quiet counterparts. This implies clusters containing NATs are mostly dynamically complex systems, with possible recent or ongoing cluster-subcluster mergers. Also, NAT galaxies within 0.3 Ac have a velocity distribution very similar to that for other radio sources, and on average below the threshold necessary to account for NAT jet bending due to ram pressure. These observations are inconsistent with the standard model for the formation of NAT radio sources, which require a high velocity galaxy traveling through the ICM to produce the ram pressure necessary to bend the radio jets backward into a U-shape. Therefore, we propose a new model for NAT formation in which NATs are, in general, galaxies with small peculiar motions existing in dynamically complex clusters which have undergone, or are undergoing, a merger with a subcluster. This merger scenario will create clusters with a high degree of substructure in their X-ray surface brightness profiles. Additionally, the ICM bulk motion caused by the merger will provide the ram pressure necessary to bend the radio jets into the NAT morphology. The ICM ram pressure will also compress and shock the ISM, possibly enhancing the compact X-ray emission detected in 40 per cent of the NATs. The luminosity and size of the compact emission observed from NATs is consistent with this mechanism. The bulk motion of the ICM may also provide the energy necessary for particle reacceleration in NAT tails, as well as additional accretion material for the central engine. This new model of radio galaxies in a violent ICM explains the observed morphological and kinematic properties of NAT galaxies and their host clusters presented in this paper.
Some additional observations could help determine if the new NAT model is correct. First, our statistics for the correlations mentioned in this paper are low because we must rely on archival PSPC data. With the launch of the AXAF X-ray satellite, the sample sizes can be greatly extended. Also, higher resolution X-ray images of the X-ray bright NAT galaxies could allow us to determine the origin of the X-ray emission. At the redshifts of our sample, the ROSAT HRI will probe the inner 3-5 kpc of the galaxy. If the emission is still point-like, the X-rays most likely originate from the AGN. If a component of the emission is resolved, however, it must originate from some other mechanism. i.e. the galaxy ISM. We have received time in AO7 of the ROSAT mission to examine three NATs with the HRI. This should help constrain the X-ray emission mechanism, and provide additional insight into the formation of NAT radio sources.
gas around the surfaces of cold clouds embedded in the hot,al. 1992). Recently, attention has been focused on HST examination of the cD galaxy. This galaxy shows excess Hα and UV filaments, as well as a dust lane coincident with the edges of the radio lobes (Pinkney et al. 1996; McNamara et al. 1996a McNamara et al. , 1996b , which may imply massive star formation in a cooling flow (Smith et al. 1997 ).
Abell 2255: Fig. 1l . Multiwavelength studies indicate A2255 to be a likely merger candidate . The velocity data for this cluster can either support (Tarenghi & Scott 1976) or refute (Stauffer, Spinrad & Sargent 1979 ) the merger hypothesis. The X-ray data show an elongation in the E-W direction, and possible multiple temperature components (Feretti et al. 1997 ). Additionally, Jones & Forman (1984) measured a very large core radius for this cluster (≈ 0.4 Mpc). A2255 contains a radio halo source (Jaffe & Rudnick 1979; Hanisch 1982) , which may be produced as a merger byproduct (Burns 1996) or by particle reacceleration by the multiple NAT tails (Feretti et al. 1997 ).
Abell 2142: Fig. 1m . This cooling flow cluster has a clear elongation in its X-ray emission to the NE/SW, with the NAT oriented in roughly the same direction. The cooling flow manifests itself in a cool component fit to the X-ray spectrum, as well as strong evidence for a centrally enhanced metal abundance (White et al. 1994 ). A2142 has a cooling time of 3.0 ± 0.8 Gyr, and a mass inflow rate ∼ 188 M⊙ yr −1 Edge et al. 1992 ). X-ray surface brightness and temperature maps imply A2142 is in the late stages of a merger . This cluster also has a high velocity dispersion of 1280 km s −1 (Oegerle et al. 1995) . The X-ray point source in the NE is most likely associated with a Seyfert 1 cluster member galaxy.
Abell 2589: Fig. 1n . This cooling flow cluster shows an obvious elongation to the N/S in the X-ray although the gas appears to be isothermal (David, Jones & Forman 1996) . There is also an enhancement of emission to the south, near the NAT. Optical data analysed by Beers et al. (1991) found evidence for substructure. They also note that A2589 and the nearby cluster A2593 form a bound pair. The envelope of the cD galaxy shows no evidence of a colour gradient, which is consistent with the envelope being produced by mergers (Mackie 1992) .
Abell 2256: Fig. 1o . This cluster is one of the best examples of clusters containing temperature substructure in the X-ray emitting gas (Briel & Henry 1994) . A wavelet analysis (Slezak, Durrett & Gerbal 1994) , as well as isophotal analysis (Davis & Mushotzky 1993) of the X-ray emission shows extreme X-ray substructure, in accord with the large centroid shift detected in this analysis. The X-ray emission from A2256 shows two distinct peaks, which has been interpreted as the main cluster peak along with a smaller subcluster in the process of merging (Briel et al. 1991; Roettiger et al. 1995) . The main cluster has a temperature of 7.5 keV (Hatsukade 1990) , while the subcluster has a temperature ranging from 2 keV (Hatsukade 1990 ) to 4.6 keV (Miyaji et al. 1993 ) to 6.2 keV (Markevitch 1996) . From BBXRT and ROSAT data, Miyaji et al. (1993) calculate a gravitational mass of ∼ 2.8 − 3.7 × 10 14 M⊙. The galaxy density field appears to be elliptical, and elongated in the same direction as the cluster gas (Fabricant, Kent, & Kurtz 1989 ). This cluster also contains a radio halo source, several NAT sources, and a steep spectrum radio source. The halo source may actually be several NAT galaxies which are distorted due to the subcluster merger (Röttgering et al. 1994) .
